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The  purpose  of  this  report  Is  to  cxoerlmental ly  determine  the  effects  of 
localized  mass  and  stiffness  parameters  on  the  vibration  response  of  stiffened  panel 
structu>'es  excited  bv  acoustic  noise.  Eleven  panels  were  constructed,  similar  in 
weioht  and  confinuration  with  typical  aircraft  panel  structures.  A  baseline  panel  was 
used  to  determine  reference  mass  and  stiffness  oroperties;  five  naiiels  were  varied  in 
P'ass  with  stiffness  kept  constant,  and  five  nanels  with  constant  mass  wore  varied  in 
stiffness.  The  panels  were  excited  in  an  acoustic  reverberation  test  facility  usinp 
a  broad'band  siren  and  horn  assembly.  Excitation  and  response  n'easurements  were 
taken  usino  microphone  and  accelerometer  transducers  attoched  to  the  panels.  The  data 
were  then  reduced  and  correlated  to  construct  vibration  prediction  curves  as  a  functiori 
of  excitation/response  levels,  frequency,  and  mass  and  stiffness  narar'eters.  In  addi¬ 
tion,  an  empirical  mathematical  model  was  derived  to  predict  response  levels  knowing 
the  excitations  and  the  mass  and  stiffness  parameters  of  a  panel  structure.  A  fre¬ 
quency  denondent  variable  based  on  measured  data  was  determined  to  relate  these  param¬ 
eters  to  the  panel  responses.  It  was  concluded  that  the  vibration  prediction  curyos 
and  tlie  empirical  prediction  model  were  sufficient  to  adequately  oredict  responses  to 
acoustic  excitation  provided  certain  limitations  and  assumptions  were  rccoqnized. 
Further  testing  of  many  different  types  of  panel  structures  was  recommended  to  deter¬ 
mine  if  these  prediction  techniques  could  be  applied  to  all  classes  of  panels. 
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))ur)K>«t  »r  ihlH  i^iikori  U  to  »xftfrtiMnt(my  dottntln*  th« 
•fftat*  of  lo«oliitd  oaita  «n4  atlffnaia  v*orM»*tara  on  th«  vlhratton 
rtaponan  of  atifftood  panal  atmoturaa  axel  tad  by  aoouatlo  noUa. 

Klavan  j^nala  vara  ooi^atruotadi  alwUar  In  valxbt  and  eonflxuratlon 
with  typical  aircraft  panal  atructuraa.  A  baaalina  panal  vaa  uaad  to 
datamlna  ra faranca  raaa  and  atlffnaaa  propartiaai  fiva  panala  vara 
variad  in  laaaa  vltb  atlffnaaa  Hapt  coiutant,  and  fiva  panala  vith 
oonatant  aaaa  vara  varlad  In  atlffnaaa «  l^a  panala  vai'a  axoltad  In  an 
acQuatlo  ravarbaratlon  taat  facility  nalnx  a  broad-band  alran  and  bom 
aaaanbly.  Kxoltation  and  raaponao  aaaauraaanta  vara  taken  ualng  alcro- 
phona  and  acoalarometar  tranaducarn  attached  to  the  panela.  The  data 
vara  than  reduced  and  correlated  to  conatruct  vibration  prediction 
ourvaa  aa  a  function  of  exoitatlon/reaponae  lavala,  frequency «  and 
naaa  and  atiffnaaa  paranetera.  In  addition »  an  empirical  mathematical 
modal  vaa  derived  to  predict  reaponaa  levela  Knoving  the  excltatlona  and 
the  aiaaa  and  atlffnaaa  paramatera  of  a  panal  atruoture.  A  frequency 
dependent  variable  baaed  on  maaaured  data  vaa  detaralned  to  relate 
these  paranetera  to  the  panel  reaponeee.  It  vaa  concluded  that  the 
vibration  prediction  curves  and  the  empirical  prediction  model  vere 
auffloient  to  adequately  predict  reaponaea  to  acoustic  excitation  pvo- 
vlded  certain  llmitationa  and  aaaumptlona  vere  recoxnlaed.  Further 
teating  of  many  different  types  of  panel  atructurea  vaa  recoaunended 
to  determine  if  these  prediction  techniques  could  be  applied  to  all 
claaiea  of  panels. 
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WPTWWTNATION  W  WK  Or  MASS  AND  m'TWNRSS 

ON  TIflt  HKMPWaR  OK  RlfWW)  PANW^ 

atfWRtrrw)  to  random  acoiistjc  noisr 

I.  IntroduQtilon 

Pr«ctiQtlnnN  of  vibr«ttont  nr*  n**ded  c^rXy  in  niroiNift  d«v*iopin«nt 
to  enftbl*  th*  dtniRn  *nKin*«r  to  rmH*  r***on*blo  ontimAtoi  of  prtllm- 
inary  •pooifloAtlona  for  oomrwnpnl*  and  *ouii:»m«nt  (R*f  ijl).  Analytioiii 
toehniquea  involving  th*  aolutiun  of  oquation*  o^  motion  of  a  atnjctur* 
provid*  th*  neooaaAry  viUr*Uon  tools  for  th*  low  fronvionoy  roglrn*.  At 
tnlddle  and  higher  freqvjenoy  I'ealmea,  however,  present  method*  prove  in¬ 
adequate  in  predicting  rea|V)n«e  levels  of  strvtoturea,  due  to  th*  highly 
coupled  and  complex  nature  of  the  exoltAtionu  and  reaponaea.  The  uae  of 
atatiatioAl  teohninue*  to  relate  vihi'atlon  roajwnae  levela  with  the  alg- 
nifioant  parametera  which  deacrlbo  the  excitation  and  the  atruoture  appeara 
to  be  tl»e  only  reaaonable  approach  to  thia  complex  problem.  Tlte  few 
limited  uttempta  to  develop  empirical  or  aemi-empirioal  vibration  pre¬ 
diction  roetljoda  t>how  neveivil  orders  of  magnitude  of  scatter  in  measured 
data  even  when  some  aoaliiig  or  normalisation  acheme  la  uied  to  account  for 
variations  in  local  parameters.  Major  consideration  should  be  given, 
therefore,  to  the  improvement  of  exiatlirg  empirical  techrUquen  in  which 
atatlatical  analysis  la  used  to  correlate  the  measured  excitations  and 
reai><naea  with  detailed  local  structural  parameters.  Once  these  re¬ 
lationships  are  developed  and  the  necessary  numerical  evaluations  made 
for  roprosontativo  fligiit  vehicle  structural  components,  a  practical 
engineering  method  should  result  for  vibration  prediction  during  initial 
design  (Hof  2i6). 
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Dm 

Th»  put*p>nt  of  thii  mport.  i»  to  txptrimonUUy  dotvmln*  tht 
•fftota  of  iooklliadi  masa  and  atiffnaaa  paramatara  on  tha  vibration  ra» 
apnnaa  iavaXa  of  ribbad  panala  axoitad  by  random  aoouatio  noiaa.  Analy- 
ala  of  raaponaa  da^*a  takan  from  a  group  of  aimplifiad  panal  atrvtoturaa  ta 
porformad.  Thaaa  raaponaa  data  ara  than  oorralatad  in  ordar  to  davalop 
ampirioal  ralationa,  axpraaaad  in  anginearlng  tamo,  which  can  ba  inu*.!- 
poratad  into  axiating  pradiotion  techniquea. 

Tha  raa)x>noo  of  many  typaa  of  atruoturaa  hao  baan  atudlod  in  tha 
pact  both  annlytioftlly  and  axparimontaUy,  By  far  tha  lar^oot  olaoa  of 
probleroa  traatad  haa  been  aimple  panels,  and  good  results  have  been  ob¬ 
tained  for  this  Glass  of  etruotur'os.  More  recent  atudiea  have  oonsldered 
the  reaponaes  of  complex  rib-atrlnRer  systema  and  lnteRn»lly  atiffened 
panala  using  several  approximate  teclmiques.  Very  little  experimental 
work  haa  been  introduced,  however,  and  reaulto  have  been  somewhat  inoon- 
olualve;  reaulta  for  the  moat  part  being  baaed  on  a  limited  amount  of 
data. 

Experimentation  hao  pix)oeeded  in  three  main  areas.  First,  full- 
Boalo  proof  testino  of  aircraft  structures,  primarily  in  tl\a  study  of 
sonic  fatigue,  has  been  explored.  Moat  of  the  full-scale  measurements 
have  and  are  being  made  by  aircraft  manufacturers,  and  little  of  the 
data  has  been  fully  analyzed  and  published. 

Second,  effort  has  been  exerted  to  develop  design  curves  to  aid  in 
design  of  structures  subjected  to  acoustic  noise.  The  cuoea  are  pri¬ 
marily  ooml -empirical  in  nature  and  are  generally  based  on  a  few 
scattered  tests  on  real  or  reprasontative  atruoturos. 
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Finallyi  a  nvunbor  of  re«iion*bly  well  oontrollod  test  results  are 
available,  mostly  for  simple  panels,  although  some  multi-bay  panel  data 
are  given  In  Refs  ;9-9*  For  the  most  part,  however,  little  dooumented 
data  are  available  (Ref  10i9-10), 

Much  of  the  er^erlmentatlon  on  multi-bay  panel  systems  thus  far  has 
been  oonoemed  primarily  with  stress  and  fatigue  responses  of  atruotural 
elements.  Little  effort  has  boon  obaervod  ooneeming  the  effects  on  re¬ 
sponses  of  suoh  local  parameters  as  mass,  stiffness,  curvature,  effec¬ 
tive  thioknesa,  and  so  on.  Roberts  (Ref  11177-91)  attempted  to  relate 
flight  vehicle  roaponae  with  excitation  and  vehicle  operating  conditiono. 
In  addition  to  emphasla  on  local  dynamic  properties  of  panel  otructuros, 
a  atudy  of  local  reaponnos  wa«  oorrelatod  againat  circumferential  atten¬ 
uation,  local  maan  and  stiffness.  Overall  aooeleivition  response  levels 
were  plotted  against  variations  in  stiffness  and  mass.  Roberts  determined 
that  overall  response  levels  wers  insensitive  to  structural  stiffnesses, 
however,  no  dependence  of  those  mass  and  stiffness  parainetera  on  frequency 
was  dlacuaaed. 

White,  et  al  (Ref  2),  recognizes  the  need  for  a  major  effort  to 
develop  vibration  response  prediction  methods  which  account  for  necessary 
excitation  parameters  and  local  structural  parameters.  The  report  dis¬ 
cusses  the  general  philosophy  of  the  pixiblem,  develops  general  equations 
for  predicting  vibration  responses  of  complex,  linear  structures,  and 
sets  forth  methods  for  developing  prediction  tools  from  these  relations, 
Ebcperiroental  methods  are  not  discussed. 

A  more  recent  study  performed  by  Bolt,  Deranek,  and  Newman,  Inc. 

(Ref  1j81-97),  applies  several  vibration  prediction  techniques  to  re¬ 
sponses  from  aoro-acoustlc  excitations.  Rxperimental  data  were  taken 
from  two  radically  different  locations  on  an  IIP-^C  fighter  aircraft,  one 
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looAtion  ohftrRoterized  by  a  "limp,”  unatlffened  panel-\ike  structure, 
and  the  other  location  characteristic  of  a  mapsive  atruotujre.  One  par¬ 
ticular  vibration  prediction  method,  a  modified  form  of  the  Franken 
Method,  vras  chosen  because  of  its  ability  to  account  for  gross  structural 
and  Cvitnflguratj.onal  differences.  Data  were  plotted  as  a  function  of 
acoeleratlon/pressure  ratios  versus  frequency.  Results  showed  that 
below  2000  Ha,  a  single  prediction  plot  was  sufficient  to  cover  both 
structures.  Above  2000  Hz,  two  plots  were  showrit  one  applicable  to  a 
massive,  stiffened  structure,  and  one  applicable  to  th^  "limp”  panel 
structure.  Although  the  technique  demonstrates  the  applicability  of  the 
method,  the  insults  were  somewhat  questionable  due  to  the  lirntted  amo'<u:t 
of  data  collected  and  structures  examined. 

Scope 

Typical  aircraft  structures  vary  considerably  in  cunfifnxratic-n, 
materials  and  construction.  Variations  in  mass  and  stif  ;'necjs  in  uny 
particular  panel  structure  can  be  dependent  on  insny  varluMes.  In  order 
to  achieve  a  measure  of  control  and  accuracy,  a  hifJilj  ''Implified  panel 
model  was  used  for  expeidmentation.  Only  a  iimited  namhar  of  nine-Vyiy, 
aluminum  panels,  identical  in  overall  dimenfior.s  rnd  con^'igura  on,  wei'e 
tested.  Stiffener  cross-sectional  area  was  the  only  variable  in  con¬ 
struction,  while  lead  weights  were  added  to  the  pon.ela  to  vary’  total 
mass.  The  response  data  from  these  panels  wore  analyzed  r-nd  correlated, 
with  respect  to  maon,  stiffness  and  excitatvon/response  levels  in  an 
attempt  to  develop  a  method  for  accounting  f^,r  vac  ations  in  these 
parameters  which  could  bo  used  frr  futiAre  testing  of  nvjre  ot'mplicated 
strictures. 
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SubpTOblems 

Many  erapirtcal  prediction  techndquea  attempt  to  account  for  strue- 
tui'Al  pa.ra>7ieters  by  applying  some  type  of  noniwlization  scheme,  or  by 
•use  of  appropriate  mass  and  stiffneiss  acfilingi  Ttese  parameters  are 
Very  difficult  to  account  for,  hovrever,  due  to  the  complex  nature  of  the 
panel  structure.  Such  variables  fio  dausping,  mass  loading,  and  construc¬ 
tion  techniquea  can  have  marked  results  on  experimental  data.  An  attempt 
WiS  made  in  this  study  to  construct  panels  which  would  minimize  these 
variable  effects.  Por  example,  the  addition  of  lead  to  the  panel©  is 
icoimd  to  uffect  l>oth  the  damping  and  stiffness  of  the  structures  to 
some  degi’Mte.  The  effects  of  this  lead  addition  were  studied. 

In  o'i’der  that  the  resj-Kuise  data  will  have  some  significance,  it  is 
i.vportant  that  the  correlation  of  excitation  and  response  be  expressed 
through  statistical  analysis  into  a  form  which  is  readily  usable. 
Empirical  relationshipn  in  the  fom  of  prediction  curves  are  explored  to 
compare  mass  and  stiffness  of  the  panels.  In  addition,  a  mathematical 
model  is  derived  based  on  measured  oest  datfi  and  the  characteri  sed  mass 
and  stiffness  parameters  for  the  panels. 

Ehcpcrimental  accuracy,  of  course,  will  have  some  effect  on  the  use¬ 
fulness  oi  the  data  obtained  and  the  resulting  analysis ,  Causes  of 
error  restilting  from  equipirent  and  test  procedures  will  be  pointed  out 
in  this  study. 

Attack,  of  Subproblems.  This  study  :;.a  divided  into  four  major  parts. 
The  first  part  involves  the  fabrication  of  a  number  of  simplified  repre¬ 
sentative  aircraft  panel  structures.  Eleven  panels  are  constructed  with 
one  panel  representing  a  baseline  panel  to  determine  reference  mass  and 
stiffness  properties.  Five  panels  are  varied  in  mass  while  stiffness 
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is  kept  constant,  and  an  additional  five  panels  are  varied  in  stiffness 
with  mass  remaining  constant.  Measurements  of  weight,  stiffener  cross- 
sectional  area,  and  stiffener  moment  of  inertia  values  are  tabulated. 

The  second  part  of  the  study  involved  vibration  testing  of  the 
panels  with  the  use  of  a  mechanical  shaker  driven  by  a  sinusoidal  force 
to  obtain  acceleration  frequency  plots.  The  plots  are  then  used  to 
examine  the  resonant  modes  of  the  panels  and  to  determine  the  relative 
damping  caused  by  addition  of  lead  to  the  panel  stiffeners.  A  static 
deflection  test  is  then  performed  on  each  of  the  panels  to  determine 
static  stiffnesses.  Experimental  errors  in  the  apparatus  will  be 
examined. 

Following  the  sinusoidal  testing,  the  panels  are  subjected  to 
random  acoustic  excitation.  A  random  noise  producing  siren  is  used 
to  excite  the  panels,  and  excitation  and  response  levels  are  recorded 
in  digital  and  graphical  form.  The  last  section  of  the  study  then 
combines  the  sinusoidal  and  random  test  data  in  an  attempt  to  correlate 
the  random  excitations  and  responses  of  the  panels  with  variations  in 
mass  and  stiffness.  A  theoretical  single-mass-oscillator  model  will 
be  applied  to  the  results  to  derive  relations  vdiich  account  for  these 
variations.  The  theoi^  for  application  of  this  model  is  presented  in 
the  next  section  of  this  report. 
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Determination  of  Panel  Dampin/i! 

The  anxjunt  of  damping  present  in  a  complex  structure,  such  as  a 
multi-bay  panel,  is  very  difficult  to  accurately  determine  and  requires 
rather  sophisticated  test  equipnent.  VJhore  it  is  desired  only  to  com¬ 
pare  damping  between  similar  structures,  a  much  simpler  approach  may  be 
used  vdiich  provides  a  good  approximation.  Such  a  method  involves  con¬ 
sideration  of  the  mechanical  impedance  of  a  single-mass-oscillator  sub¬ 
jected  to  a  harmonic  force  (See  Pig, l).  At  frequencies  much  higher  than 
the  fundamental,  panel  modes  are  essentially  decoupled,  and  the  single 
mass  model  is  quite  representative  of  the  panel  response  characteristics 
(Ref  15:5^5-5^6). 

Complex  mechanical  impedance  is  defined  as 

(1) 


where  Z  is  the  complex  mechanical  impedance 

P  is  the  complex  harmonic  force 
V  is  the  complex  velocity 

Crandall,  et  al  (Ref  12:Cht  1-27),  derives  the  complex  mechanical  impedance 
for  the  single-mass-oscillator  as  shown  in  Pig. 1  as 

V 

Z  ■  +  c  +  iuB  (2) 

lu 

^ere  K  is  the  spring  constant 

c  is  the  coefficient  of  damping 
u  is  the  steady-state  frequency  of  the  system 
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Pig.  1.  The  Single  Mass  Oscillator 


Resonemce  of  the  system  shovm  in  Pig,  1  occurs  when  the  steady-state 

frequency  of  the  forced  system  is  equal  to  the  natural  frequency  of  the 

system,  u  ,  or 
& 

«  «  «  /k/ti'  '  (4) 

Substituting  Eq  (4)  into  Eq  (j),  the  complex  mechanical  impedance  at 
resonance  then  becomes 


Z  -  c  (5) 

Thus,  by  modeling  a  single  panel  mode  with  the  response  of  a  slngle-mass- 
osclllator,  the  Impedance  at  a  resonant  frequency  is  equal  to  the  damping 
coefficient  of  the  structure.  With  the  coefficient  of  damping  once 
deteimined.  It  is  then  possible  to  define  the  damping  ratio  of  the  system 
as 


0 

where  C  is  the  damping  ratio}  dimensionless 
e  is  the  (lamping  coefficient 

Cq  is  the  critical  damping  coefficient,  equal  to 


(6) 
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For  a  panel  vibrating  at  a  resonant  frequency,  m  is  now  defined  as  the 
modal  mass  which  can  be  determined  by  plotting  impedance  versus  fre> 
quency  as  a  function  of  mass. 

The  Random  Vibration  Prediction  Model 

It  is  well  known  that  the  natural  vibration  characteristics  of 
many  complex  structures  can  be  approximated  by  consideration  of  each 
individual  resonance  or  mode  of  vibration,  assuming  it  to  be  essentially 
unaffected  by,  or  decoupled  from,  any  other  modes  (Ref  15!!5^5-3^6)* 
Considering  vibrational  modes  at  frequencies  far  above  the  first  few 
bending  modes  of  the  total  structure,  responses  to  acoustic  excitations 
tend  to  be  quite  localized,  and  independent  of  similar  resonant  responses 
for  modes  which  differ  by  a  few  wavelengths.  Assuming  that  the  responses 
In  these  higher  modes  are  Independent  and  somewhat  linear,  i.e.,  the 
modal  responses  in  a  given  band  vary  linearly  with  the  sound  pressure 
level,  then  the  vibration  response  becomes  the  net  of  the  contributions 
of  many  resonant  modes.  This  also  implies  that  the  vibration  level  can 
be  expected  to  vary  linearly  with  the  response  of  a  single  excited  mode. 

Making  the  above  assumptions,  the  response  of  a  particular  panel 
mode  of  vibration  can  be  approximated  by  analysis  of  the  same  single  mass 
osolllator  discussed  previously  and  shown  in  Fig  1.  The  mean  square 
acceleration  for  this  model  when  subjected  to  a  continuous  random  forcing 
function  Is  given  in  Ref  2i7B  as 

,ilJEL 

,  C/  (7) 

c 
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f 

iTTf 


w 


is  the  me«m  square  acceleration  of  the  mass, 
referenced  to  eaidJi's  gravity 
is  the  natural  frequency  in  Hz 

2 

is  the  mean  square  force  in  lb  per  Hz 
is  the  damping  ratio;  dimensionless 
is  the  weight  of  the  mass  in  pounds 


If  this  model  is  now  adapted  to  the  case  of  a  single  panel  mode  re¬ 
sponding  to  random  fluctuating  pressure,  Eq  (7)  becomes  (Ref  l4), 


■2  .2 


-Q. 

B 


f  a; 

c 

4  °/ 

'  c  a 
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(8) 


where,  now 


-2 

S 


is  approximately  the  mean  square  acceleration  of 
the  mode 

f  is  the  resonant  frequency  of  the  mode  in  Hz 
mf  is  the  mean  square  pressure  in  psi  squared  per  Hz 


A  is  the  model  area  participating  in  the  response;  in' 

a 

Wj  is  the, model  weight  in  pounds  involved  in  the 
responding  mode 

In  considering  the  manner  in  which  vibratory  response  might  vary  with 
structural  mass  and  stiffness,  it  is  oufficicnt  to  lump  constant  terms 
into  a  single  parameter.  Assuming  daj^iplng  to  be  constant,  the  rros  re¬ 
sponse  can  then  be  expressed 


2 


g 


rma 


.  J 


(9) 


where  is  now  some  constant  of  proportionality. 

In  order  to  derive  an  equation  which  is  explicitly  a  function  of 
srruotural  stiffness,  it  is  recognized  that  the  modal  frequency,  f,  is 
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a  fxmction  of  stiffness.  If  the  panel  structure  is  modeled  by  an 
equivalent  isotropic  plate  having  comparable  stiffness  properties,  the 
equivalent  plate  frequency  for  a  resonant  mode  can  be  expressed  as 


where  the  plate  flexural  rigidity  is 

B  (U) 

12(l-v^) 

and  ra,n  refer  to  the  mode  numbers,  or  effective  half -wavelengths 
of  a  mode 

a,b  are  the  dimensions  of  the  plate  in  inches 
P  is  the  density  in  pounds  per  inch  cubed 
t  is  the  thickness  in  inches 

E  is  Young's  Modulus  in  pounds  per  inches  squared 
V  is  Poisson's  Ratio;  dimensionless 

Substituting  the  value  for  frequency  into  Eq  (10)  and  grouping  terras 


Evaluation  of  Eq  (l2)  would  require  a  knowledge  of  the  half¬ 
wavelengths  for  each  mode  as  well  as  the  modal  weight  and  area.  This 
would  necessitate  an  unwieldy  number  of  computations.  It  is  desirable, 
therefore,  to  Mppipximate  Eq  (12)  by  considering 

(W/A),  «  0(f)  W/A  (13) 

II 
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And 

m  ^  (14) 

a  b  b"/ 

where  now,  W/A  la  the  total  panel  weipht  ner  unit  areai  0(f)  and  H(f) 
are  some  functions  of  frequency,  PerlorminR  these  aubatitutlone  into 
Eq  (12)  and  doflninG  a  new  variable,  C(f),  the  rma  roajyjnae  becomes 

-  =<’■>[72  *  ^2]  [nt]  ^ 

Since  C(f)  is  now  the  only  parameter  in  Eq  (l?)  which  la  a  fvmotion  of 
frequency  and  mode  shape,  it  can  be  determined  empirically  from  meaavtred 
data.  Further,  reoornizinfi:  that  the  function  Pt  is  in  xmlts  of  weight 
per  unit  area,  the  response  can  finally  bo  expressed  as 


In  terms  of  common  enninoorinG  parameters,  Eq  (I6)  relates  the  excitation 
and  response  characteristics  of  a  panel  structure  knowing  the  dimensions, 
the  weight  per  unit  area,  and  the  characterized  stiffness}  C(f)  being 
determined  by  empirical  means. 

To  represent  the  structural  stiffness  of  a  stiffened  panel  with  an 
equivalent  plate  of  bending  rigidity  D,  it  is  necessary  to  evaluate  the 
equivalent  plate  thickness  for  the  structure.  Assuming,  In  general, 
an  orthotropic  panel  with  stringers  and  frames  in  opposing  directions,  a 
representative  method  of  quantifying  stiffness  would  bo  to  sum  the  bend¬ 
ing  moments  of  inertia  in  each  direction  for  the  panel.  Since  the  moment 
of  inertia  about  the  neutral  axis  of  the  structure  is  proportional  to 
the  moment  of  inertia  about  some  other  reference  plane,  the  edge  of  the 
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lA  thA  iiwmon’,  of  InorilA  of  the  ciiMAA-AAOtion  of 

width  A  or  b}  in 

arA  tb«  dimonAlunA  of  the  pan«l  in  inohaA 

iA  tha  thioknaAA  of  the  penol  in  inohaa 

iA  the  heiBht  of  «  atringer  or  frame  in  inohaa 

iw  the  thiokneaA  of  the  atringer  or  fi'ame  in  inohaa 

ia  the  rmmber  of  atringern  or  framea  over  the  panei  omaa- 
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The  avim  of  the  momenta  of  Inortla  oan  t)>on  tie  equated  to  the  avun  of  the 
bending  momenta  of  inertia  of  an  equivalent  laotroplo  pXato  )\aving  the 
namo  dimonalona.  Again,  uaing  the  edge  of  the  plate  aa  the  datum 
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where  tho  parameter,  t,  ia  the  equivalent  pinto  thicknona.  In  quanti¬ 
fying  otlffnoaa  In  tbla  mnnjier,  toraional  t widitiea  have  been  ignored 
ainoe  thoao  values  are  proportional  t('  the  bondlnn  rigid! ties  for  atruo- 
turea  of  nimilar  configuration,  .helving  Fq  (iB;  for  the  oqvilvalent  plate 
thlokne.aa  and  aubatituting  into  Kq  (11),  tho  flexural  rigidity  for  tbo 
equivalent  plate  beoomoa 
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Ktfi,  2,  Tl\e  atiffsHBit  Pttntjl  rismi*-»«otion 


KxAnvlnfttlon  of  J^ia  (ifl)  (\9)  I'evaala  that  the  thai'notariaad  atlff- 
n«a«  *)f  th«  panel  atiMOturo  vtalns  an  equivalent  plata  madel  la  depen¬ 
dant  on  the  panel  dimenalona  and  the  ntrlniter  and  fintme  apaoinxi  apao- 
Inx  beinp  dependent  on  the  luanber  of  atrinfiera  or  fivunea  pi^eaent  over 
the  panel  width. 

It  waa  detoiTvlned  that  the  reaponae  of  a  atmoture  could  be  pre¬ 
dicted  uainn  Kq  (ih)»  knowing  the  exoitationa,  the  chai'aoterieed  maaa 
and  atiffnoua  ivo'ametera  for  the  8tj'uot»>rei  and  the  function  C(f).  It 
ahould  be  I'eooKniaed  tlvat  while  the  method  for  quantifying  atiffneaa  la 
not  ropreaentative  of  actual  (-Minel  atiffneaa»  tho  derived  atiffneaa 
parametai't  D,  can  bo  expected  to  be  pr'oixirtion.il  tc  actual  atiffneaa 
in  aoma  nvinner.  Booauao  atiffneaa  la  auch  a  diffic\jlt  qviantity  to 
determine  for  a  complex  atruoture.  the  method  doea  peimit  oha  into  tori  ca¬ 
tion  of  tho  otiffjieaa  in  tome  of  the  aignificant  otruotural  parameters, 
Dlfferenuoa  which  may  exist  between  these  oharac tori cod  paivueeters  and 
aot\ial  parameters  can  bo  accounted  for  by  determining  C(f)  from  measured 
data  taken  from  panel  atruoturoa  for  which  these  parnmotora  arc  known. 

Thus,  unless  an  entirely  different  approach  is  takt'O,  any  minor  modification 
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in  for  qviAnilfyilnii  or  <ii\y  of  tho 

oihor  fro^uonoy  d*p«nct«fti  poromotom*  wwvUtl  only  ohnnn#  Iho  v*lut  of 
C(f)  by  9m»  propertlonoio  omount,  T»»*  vibmUon  prodloUon  rolntlon 
eon  bf  Mpoo^t^i  thtrof»i*0|  to  providt  rooiKvnAblo  oatimftttii  of  rotponttt 
of  itruotoroi  uilnn  C(f)  in  Rn  (l<»),  wid  tho  mottiod  for  ohoroottriiln« 
tho  mnaa  tnd  atiffi^oia  pnromottra  from  whloh  C(f)  woa  dttorminod. 


TTI.  rtvntl 

In  dtttrminlne  th«  rtiiiwna*  of  pnntls  to  voriAtlona  in  moio  ond 
•tiffntat  fMromotot'i,  it  %mo  d<>air«d  to  oonatiMet  tvm  atto  of  oindlor 
ftontii,  ont  tot  von^nit  in  woicht  onlyi  and  on*  aot  varyinx  only  in 
■tiffntaa.  Panti  configuration  and  fabrication  uaa  Kept  aa  airnpla  aa 
poaaibia  whilt  a  moaauro  of  aimilarity  to  actual  ali'craft  atructuraa  in 
weight  and  conatruotion  waa  iMintainad. 

Kltvon  aluminum,  nine-bay  panaln  wara  oonatruotad.  Stlffanara 
war*  made  from  atook  angle  alivninum  and  attached  to  the  panel  akin  uaing 
one-eighth  inch  diameter  aluminum  riveta  apaoed  one  inch  apart.  All 
panela  were  oonatruoted  with  identical  oveivill  dlmanaione  and  atiffener 
configuration  in  an  attempt  to  keep  variable  effeota  in  oonatruction  at  a 
minimum.  A  conatant  akin  thlokneaa  of  0.050  inchea  waa  uaed  for  all 
panela  (See  3).  Lead  waa  added  to  the  panda  to  vary  total  panel 

weight,  and  atiffener  moment  of  inertia  waa  varied  to  change  panel  atiff- 
neaa.  With  one  ijanel  oonatruoted  aa  a  Imaellne  panel,  five  panela  were 
varied  in  maaa  and  five  panela  were  varied  In  stlffneaa. 

Variation  Panel  Maaa 

Variation  in  maaa  for  five  panels  was  achieved  with  the  addition  of 
3/^-ino.h  square  lead  weichts  bonded  between  the  stiffener  riveta,  A 
lumped  maaa  approach  was  used,  rather  than  uainr  lead  strips,  to  minimize 
increases  in  panel  damping  caused  by  the  addition  of  the  lead.  Epoxy 
adhesive  was  used  to  bond  the  lead  to  the  panels,  epoxy  being  a  rela¬ 
tively  rigid  adhesive  material  which  affects  damping  very  little  (Ref 
15t53).  Total  weight  of  the  five  panels  was  varied  by  a  factor  of  approx¬ 
imately  two  times  the  baseline  panel  weight  to  cover  the  normal  range  of 
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atruotural  walrhta  anoeuntarad  In  typioAl  nii'orAft  atniotura*),  4 

ahowa  a  typical  panal  with  lead  added  bo  the  atlffonerd^  t.Cvi  Ta'oln  T 
llata  tha  waiphtn  and  dlmenalona  for  each  of  t.ha  alcven  p^ncla.  Section 
IV  of  thla  report  Inoludaa  an  analyala  of  damping  aflaota  oauaod  by  t>ia 
addition  of  lead  to  tha  panala. 

Variation  in  Panel  Stiffnaaa 

Panal  atlffnaaa  waa  varied  by  ohaneciniS  the  moment  of  inertia  of 
tha  aluminum  atiffanara  (See  Appendix  A),  By  keeping  the  oro as- sectional 
area  of  tha  atiffanara  oonatant,  the  weight  of  the  panel a  was  not  altered 
from  that  of  tha  baseline  panel.  Table  I  also  includes  the  moment  of 
inertia  calculated  for  each  stiffener  type.  As  can  bn  seen,  the 
moment  values  for  the  five  p>anels  and  the  baseline  panel  varied  by  a 
factor  of  approximately  sixteen,  while  mass  was  maintained  within  two 
per  cent  of  the  baseline  panel  mass.  These  small  variations  in  weight 
were  considered  to  be  within  tolerable  limits  for  the  constant  mass 
panels. 

Static  Deflection  Tests 

A  force/deflection  test  was  performed  on  all  panels  to  determine 
static  stiffnesses.  Each  panel  was  simply  supported  at  the  boundaries, 
and  static  tests  were  taken  at  nine  locations  on  the  panel.  These  nine 
points  corresponded  to  the  same  locations  for  attachment  of  accelerometers 
used  in  obtaining  response  data  for  the  random  noise  tests  (See  Pig.  l6. 
Sec.  V).  Table  II  lists  the  static  stiffneases  calculated  at  each  point 
on  the  panel.  Deflections  were  measured  only  at  the  point  of  application 
of  the  load,  hence,  influence  coefficients  v;cre  not  considered. 
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Various  weights  were  used  for  performing  the  tests,  ranging  from 
2-5  pounds.  In  all  cases  the  foixje/deflection  curve  proved  to  be 
linear;  the  slope  representing  the  stiffness  at  the  tested  point.  A 
wide  range  of  values  was  obtained  for  these  point  stiffnesses  primarily 
due  to  the  boundary  condition  variance  from  one  panel  to  the  next,  the 
atmospheric  conditions,  and  the  degree  of  prestressing  present  in  a 
;partlcular  test.  For  this  reason,  the  stiffness  values  listed  in  Table 
II  represent  an  average  of  several  tests  performed  on  each  panel. 

As  can  be  seen  from  Table  II,  a  variation  in  stiffener  moment  of 
inertia  by  a  factor  of  sixteen  resulted  in  a  total  panel  stiffness 
variation  of  approximately  two  times  the  lowest  stiffness  for  the  six 
constant  mass  panels.  For  the  constant  stiffness  panels.  Table  II 
shows  that  stiffness  did  not  remain  constant,  and  in  some  cases,  varied 
as  much  ac  25  per  cent  from  the  baseline  panel  stiffness.  Since  the 
only  variable  in  these  panels,  other  than  small  variations  in  con¬ 
struction  techniques,  was  the  bonded  lead  weights,  it  must  be  assumed 
that  the  addition  of  the  lead  had  considerable  effect  on  panel  stiff¬ 
ness.  While  this  large  variation  does  not  appear  to  be  intuitively 
representative  of  cha:iges  in  panel  stiffness  due  to  the  addition  of 
lumped  masses,  these  variations  must  be  taken  into  account  in  analysis 
of  the  data  taken  in  the  random  tests. 
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IV.  Sinusoidal  Sweep  Experimentations 

Purpose  of  the  Experiment 

This  experimentation  was  performed  to  examine  the  resonant  modes 
of  the  panels  and  to  determine  the  effect  on  damping  of  adding  lead 
weights  to  the  panel  stiffeners.  An  automatic  frequency- sweep  oscilla¬ 
tor  generating  a  sinusoidal  force  was  used  to  obtain  acceleration 
plots  for  the  panels.  Acceleration  measurements  were  taken  normal  to 
the  panel  stringers  at  the  same  locations  used  to  moiont  accelerometers 
in  performing  the  random  vibration  tests.  While  the  use  of  the  auto¬ 
matic  sweep  oscillator  precluded  obtaining  exact  values  for  resonant 
peaks,  this  method  proved  suitable  for  locating  the  modal  frequencies 
of  the  panels.  Once  the  modal  frequencies  were  identified,  the  resonant 
peaks  were  tuned  manually  to  obtain  exact  force  and  acceleration 
readings.  Point  impedance  was  then  calculated  at  these  resonances 
from  which  panel  damping  was  determined. 

Description  of  Test  Apparatus 

Figure  5  depicts  a  block  diagram  of  the  experimental  apparatus  used 
in  the  sinusoidal  sweep  testing.  A  Eruel  and  Kjaer  Level  Recorder  was 
used  to  record  the  acceleration  response  of  the  paneln  by  plotting 
acceleration  voltages  on  a  logarlthrtd.o  graph.  The  recorder  was  con¬ 
nected  to  a  Bruel  and  Kjaer  Beat  Frequency  Oscillator  by  a  mechanical 

* 

drive  to  keep  the  oscillator  and  graph  paper  synchronized  in  frequency. 

A  sinusoidal  voltage  generated  by  the  oscillator  was  fed  to  a  console 
containing  a  Ling-Tempeo-Vought  DC  Power  Amplifier  and  Field  Source, 
where  the  signals  were  amplified  and  passed  to  a  Ling-Tempeo-Vought 
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(»/MC/75A-1 

Blectro-Magnetic  Shaker,  The  force  was  picked  up  with  a  Wilcoxon  L-10 
Force  Gage  attached  to  the  shaker  head,  and  acceleration  was  picked  up 
with  a  Columbia  6o6-2  Accelerometer  moimted  on  the  panel  opposite  the 
force  gage.  The  force  signal  was  passed  to  a  Bruel  and  Kjaer  Mico- 
phone  Amplifier  containing  a  voltmeter  to  monitor  response;  the  accel¬ 
eration  signal  was  amplified  by  a  Bmiel  and  Kjaer  Audio  Frequency 
Spectrometer,  also  containing  a  voltmeter,  and  then  fed  to  the  level 
recorder.  Both  force  and  acceleration  signals  were  first  passed  through 
in-line  Bruel  and  Kjaer  Bnitter-Pollowers  to  condition  the  signals. 

An  additional  accelerometer  was  used  to  provide  a  constant  accel¬ 
eration  input  to  the  system  throughout  the  frequency  range.  A  Columbia 
902-H  Accelerometer  was  attached  to  the  shaker  head.  The  signal  from 
the  accelerometer  was  amplified  and  fed  back  to  the  oscillator  where 
the  reference  signal  was  used  to  control  the  voltage  level  of  the 
oscillator  output.  A  voltmeter  attached  to  the  amplifier  provided  a 
continuous  reading  of  the  reference  accelerometer  signal. 

Other  Aonarntus.  Additional  apparatus  was  necessary  to  permi t 
precise  measurement  of  signal  values  and  to  monitor  response  levels. 

A  Hewlett-Packard  Electronic  Digital  Counter  was  connected  to  the 
oscillator  to  permit  precise  frequency  control.  The  force  ana  accel¬ 
eration  signals  were  measured  for  phase  differenco  \d.th  the  use  of  a 
Technology  Instruments  Phase  Angle  Meter.  The  signals  were  also 
monitored  on  a  Hewlett-Packard  Oscilloscope  as  a  check  on  the  waveform 
of  the  sinusoidal  signals  (See  Pigs.  6-7). 
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Fip.  7.  ljinj5-'ro,’r,pi;o-Vcn','hi  ViVirutiow  Conaole 


«oe«\«iMm«t,«t'a  w«r«  nn  «  RhiaI  nmt  K.Uor  (:ft\lbiSkUon 

ahAH«r  And  NhAk#n  tk%  nn*  Th*  «ee«\*i'«ttian  w«i'«  %h«n 

A<tjvi*t«d  vu)UI  k  Qonvvnivnt  vnltAA*  vm*  r«  ul  on  «*Qh  voltaxiUr.  A  on* 
pound  KM**  vNia  thtn  movintoii  on  ib«  «)Mk*r  «iHt  m  *Qo*l*i'om«t*r  w** 
AfMxtd  to  ih*  RM**.  1H\*  xmpUtutift  of  ihe  ahAHor  wna  inoiMAxad  vmtU 

ttk*  AQO*l*rom«i«r  intUoaUd  one  '*Xi"  and  the  fore*  aa^Ufier  vm*  Ad« 
Juated  to  a  oonvaniont  volUfie  on  the  voltmeter. 

Kaoh  teat  i>anel  waa  oiajnped  in  a  ripld  frajne  which  waa  bolted  to 
A  maaaive  teat  bed  aa  ahown  in  Kin.  U,  The  natviral  frequency  of  the 
atnicture  waa  low  enough  (below  ^0  ha)  not  to  interfere  \'rtth  t)»e  re- 
ai>')nae  of  the  imnela. 

The  ahaker  waa  attached  to  the  otn>otui'o  throufih  the  force  KAf(e  at 
one  of  the  jwinta  to  he  invoaticatod.  The  reference  aocelerometor  waa 
then  tnom^ted  on  the  ahaker  head  next  tt>  tlie  force  fiOKe  and  uaed  aa  a 
feedback  to  the  oaoillator  in  maintaining  a  constant  aooeloration  input 
(See  Pig,  9).  Tlio  Colvunbia  606-2  Aoceleroinetur  waa  than  mounted  on  the 
oppoaito  aide  of  the  panel  at  the  iv)int  of  appllcn;.ion  of  the  ahaker 
(See  Pig.  lO).  fkivihle-lwioked  aUhofiivo  tape  was  uaed  to  attach  the 
Aooelerometer  and  ahaker  to  the  panel. 

Nodal  Testa.  P'ive  joanela  were  tested  to  oxnntino  the  reooiv'nt  modoa 
and  to  determine  the  damping.  Panola  A,  I!,  T  and  K  ware  aclooted  to 
aooo'uit  for  the  full  weight  range  of  the  oonsUmt  atiffnoaa  panelo,  In 
addition,  Panel  D  was  tented  an  a  chock  on  tho  damping  prenent  in  the 
constant  mann  panels  whoro  no  load  wan  uuod.  F.nuh  panel  waa  tested  at 
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Pig.  9»  Reference  Accelerometer  and  Force  Oage 
Attachment 
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Accelerometer  Attachment  for  Sinusoidal  Tests 
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three  different  locatlAns;  these  locations  were  selected  to  coincide 
with  accelerometer  locations  5,  4  and  7  to  be  used  in  the  random  vibra¬ 
tion  experimentation  (See  Pic*  l6,  Sec.  V),  Additional  consideration 
was  given  to  shaker  positions  to  Insure  that  modes  which  may  have 
nodal  lines  located  at  the  shaker  position  for  one  test  would  show  up 
with  the  shaker  located  at  another  testing  position. 

With  the  accelerometer  attached  opposite  the  shaker  head,  the 
oscillator  amplitude  was  increased  until  the  desired  force  was  being 
treuismitted  to  the  structure.  The  oscillator  frequency  and  graph  paper 
were  set  to  40  Hz,  the  oscillator  was  clutched  to  the  recorder,  and  the 
recorder  drive  was  started.  When  the  frequency  reached  2000  Hz  ,  the 
recorder  was  stopped.  This  procedure  was  then  used  for  the  other  two 
shaker  locations. 

Impedance  Measurements.  Force  and  acceleration  measurements  were 
taken  at  the  same  shaker  locations  used  in  the  modal  tests.  With  the 
recorder  disengaged,  resonant  peaks  observed  from  the  acceleration  plots 
were  tuned  manually  using  the  phase  meter  and  digital  frequency  counter. 
When  a  90  degree  phase  shift  was  observed,  the  frequency,  force  and 
acceleration  values  were  recorded.  The  technique  was  applied  to  approx¬ 
imately  12  to  15  resonant  peaks  from  100  to  1200  Hz. 

Results  of  the  Experiment 

Figures  11  and  12  show  representative  plots  of  resonant  conditions 
for  the  five  panels.  Comparison  of  all  the  plots  indicated  that  the 
fundamental  frequencies  of  the  panels  varied  from  approximately  105  -  120 
Hz.  Although  a  few  panels  exhibited  small  peaks  in  the  range  from  65  - 
80  Hz,  these  peaks  were  assumed  to  be  caused  by  localized  akin  or  stringer 
vibrations,  and  net  panel  modes. 
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Pig.  11.  Acceleration  Response,  Panel  A, 
Acclerometer  4 


Frequency  (x  10-1  Hz) 

Pig.  12.  Acceleration  Response,  Panel  K , 
Accelerometer  4 
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With  force  and  acceleration  values  obtained  by  tuning  resonant 
peaks  manually,  the  impedance  of  each  panel  was  calculated  at  the 
resonant  peaks,  and  the  damping  ratio  was  determined  (See  Theory  Section). 
While  the  damping  ratio  varied  as  much  as  thirty  per  cent  from  peak  to 
peak,  an  average  of  all  damping  ratios  for  each  panel  showed  a  variance 
of  less  them  three  per  cent  among  panels.  The  average  damping  ratio 
determined  by  averaging  the  damping  ratios  for  each  mode,  for  all  five 
panels  ranged  from  0.0082  to  0.0084,  which  would  classify  the  panels 
as  being  in  the  low  to  medium  damped  range.  With  this  small  variance, 
the  addition  of  lead  to  the  panels  was  considered  to  have  negligible 
effect  on  panel  damping,  hence,  variations  in  damping  were  not  con¬ 
sidered  in  analysis  of  the  data  taken  in  the  random  vibration  experimen¬ 
tation  (See  Sec.  VT). 
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V.  Random  Vibration  Experimentation 

Purpose  of  the  Experiment 

Random  vibration  tests  on  the  panels  were  conducted  by  the  Wide 
Band  Acoustic  Facility,  Air  Force  Flight  Dynamics  Laboratory,  Widght- 
Patterson  AFB,  Ohio.  The  purpose  of  the  experiment  was  to  determine 
the  effects  of  local  mass  and  stiffness  parameters  on  the  response 
characteristics  of  the  panels  when  subjected  to  a  random  acoustic 
excitation.  The  panels  were  subjected  to  a  reverberant  acoustic  field 
and  excited  at  five  different  sound  pressure  levels.  Responses  were 
monitored  and  plotted  in  1/3-octave  frequency  band  plots  over  a  range 
^rom  3.15  -  4000  Hz. 

Description  of  the  Wide  Band  Acoustic  Facility 

Figure  13  shows  the  Wide  Band  Acoustic  Facility,  consisting  of  a 

16  by  11  by  11  foot  reverberation  chamber  and  a  wide  band  siren  and 

horn  assembly.  A  floor  plan  of  the  test  facility  is  shown  in  Fig.  l4. 

A  12  Kw  wide  band  siren  is  utilized  capable  of  providing  a  continuous 

spectrtim  from  50  -  10000  Hz,  and  a  maximum  overall  sound  pressure  level 

2 

(SPL)  of  160  dB  (re  0.0002  dynes/cm  ).  This  von  Gierke  type  siren 
produces  a  random  noise  spectrum  which  closely  approximates  the  sound 
spectrum  of  a  Jet  engine.  A  segmented  horn  with  variable  cu'  ,  ff  of 
125  dB  is  used  in  the  teat  chamber. 

Test  specimens  are  rigidly  mounted  in  an  enclosec,  steel  fixture 
capable  of  holding  up  to  five  panels  (See  Pig.  15).  For  this  experi¬ 
mentation,  the  test  fixture  was  positioned  in  the  chamber  such  that  the 
panel  surface  was  normal  to  the  incident  excitation.  Sound  absorbing 
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Pig.  l4.  Floor  Plain  of  Test  Facility 
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material  is  contained  in  the  test  fixture  to  prevent  formation  of 
standing  waves  and,  once  installed,  access  to  the  rear  of  the  panels 
is  provided  by  removable  covers.  By  proper  positioning  of  the  test 
fixture,  a  variance  of  jf  1  dB  in  overall  sound  pressure  level  over  the 
fixture  c«ui  be  achieved  (Ref  l6;4). 

Experimental  Techniques 

Facility  instrumentation  permits  a  maximum  of  72  channels  of  data 
to  be  recorded  at  one  time  on  six  l4-channel  tape  recorders.  For 
this  test,  only  2k  channels  were  available  for  recording  data,  and  it 
was  determined  that  a  minimum  of  10  cliannels  would  be  needed  for  each 
panel  to  adequately  describe  the  excitation  and  response  characteris¬ 
tics  of  the  test  specimens.  This  allowed  for  a  maximum  of  two  panels 
to  be  tested  at  one  time.  The  panels  were  mounted  in  locations  B  and 
C  of  the  test  fixtures  for  each  run  with  the  panel  skin  facxng  the  ex¬ 
citation.  One  microphone  was  located  at  the  center  of  each  panel  and 
nine  accelerometers  were  mounted  on  the  panel  stringers  normal  to  the 
panel  surface.  Figure  l6  shows  the  locations  of  the  nine  acceler¬ 
ometers  used  for  each  panel.  The  22  channels  of  data  were  fed  to  two 
tape  recorders  with  channels  1?  and  l4  of  each  recorder  being  used  to 
record  identification  and  timing  signals.  Figures  ]?  and  l8  show 
front  and  rear  views  of  the  ?nounted  test  pends  with  microphone  and 
accelerometers  in  place. 

Testing  was  performed  at  five  sound  pressure  level  settings  rang¬ 
ing  from  approximately  14^  dB  to  155  dB,  vn  th  intermediate  values  at 
5  dB  intei*vala.  Data  were  recorded  for  two  minutes  at  each  SPL.  At 
the  beginning  of  each  testing  period,  the  noise  spectrum  was  shaped  by 
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Pi?.  l6.  Hear  View  of  Moonted  Test  Panel 
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Adjuitlnit  th«  aircn  rotor  apoedii  to  aohlovo  th«  dealrod  spootrum  ovtr 
th«  anUrt  fraquanoy  ran«a. 

Fftoility  TnatnvrentAUon 

Noiaa  lovala  in  tha  taat  ohambar  wara  manaured  with  Qulton  M7A 
2100  miorophonaa,  and  aooalaromatara  were  BBN  Modal  501  miniatura  ery- 
atal  tranaduoara,  utllialng  lightwalcht  miorodot  oablea,  Tranaduoera 
ware  oalibrated  prior  to  tha  bo{;lnnln^  of  each  teat  and  normalized  to 
produoe  tha  aame  aaleoted  output  voltape  for  the  same  physical  Input. 
Signal  oonditiunlnfi  was  necessary  before  the  data  were  suitable  for 
recording  in  PM  frequency  ranKoa.  .Ajnplification  was  provided  and 
fixed  at  some  optimal  setting  during  normal  operation.  An  automatic 
attenuation  system  was  used  to  enable  the  wide  range  of  signal  levels 
encountered  in  facility  operation  to  be  raised  or  lowered  to  the  input 
signal  range  required  by  the  tape  recorders.  Attenuation  was  possible 
in  10  dB  increments  over  a  60  dB  range.  An  identification  system  was 
used  to  identify  commutator  and  attenuator  positions  for  each  data 
channel.  An  oscillocraph,  spectrum  analyzer,  filters,  rms  meters,  an 
oscilloscope,  and  one-third  octave  band  analyzers  were  available  to 
monitor  signals  going  on  tape  during  a  test.  Figure  19  shows  a  simpli¬ 
fied  block  diagram  of  the  data  collection  and  monitoring  system.  Addi¬ 
tional  information  on  the  Acoustic  Facility  and  the  data  collection 
process  can  be  found  in  Ref  17i 17-^1  ^nd  Ref  l8. 

Data  Analysis 

Data  reduction  was  performed  by  the  D^TlaJTlic3  Technology  Applica¬ 
tions  Branch  of  the  Air  Force  Plight  D.ynamicn  Laboratory.  The  acoustic 
PM  data  recorded  on  magnetic  tape  by  the  Acoustic  Test  Facility  were 
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Pig.  19.  Data  Collection  and  Monitoring  System 


played  back  and  edited  on  a  Honeywell  Model  7^00  tape  record/reproduce 
system.  The  accelerometer  and  microphone  data  were  processed  with  a 
General  Radio  Model  1921  One-Third  Octave  Band  Analyzer.  An  integra¬ 
tion  time  of  32  seconds  was  used.  The  acoustic  values  were  converted 
to  sound  pressure  levels  (dB),  and  the  accelerometer  values  to  acceler¬ 
ation  amplitudes  (g-rms)  using  the  Raytheon  704  computer  system.  The 
resulting  one-third  octave  band  data  were  plotted  in  report  form  with 
an  Information  Technology  Inc.  Model  4900  computer  controlling  a 
CALCOMP  Model  565  Plotter.  A  digital  readout  of  the  one-thiixi  octave 
band  data  was  also  obtained  from  the  Raytheon  computer.  Figure  20  gives 
a  schematic  of  the  one-third  octave  band  analysis  system.  Represen¬ 
tative  aocelei^ometer  and  sound  presstire  level  data  in  plotted  form  are 
given  in  Appendix  B. 
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Pig,  20.  One-Third  Octave  Pmd  Analyala  System 


6 


OA/1C/73A-1 


VI,  Data  Reduction  and  Results 

The  data  and  results  taken  from  the  static,  sinusoidal,  and 
acoustic  tests  were  analyzed  and  used  to  correlate  mass  and  stiffness 
parameters cf  the  eleven  tested  panels  with  the  measured  acoustic  re¬ 
sponse  and  excitation  levels.  These  results  were  then  presented  in  the 
form  of  vibration  prediction  curves  to  show  the  dependence  of  response 
levels,  as  a  function  of  frequency,  on  mass  and  stiffness.  In  addition, 
the  random  acoustic  data  was  incorporated  into  a  vibration  prediction 
model  derived  in  the  THEORY  section  of  this  report. 

Effects  of  Panel  Damping 

It  was  determined  from  the  forced  harmonic  testing  of  the  panels 
that  addition  of  lead  had  very  little  effect  on  the  overall  damping  of 
the  panels  (See  Sec.  IV).  The  average  damping  ratio  for  the  five  con¬ 
stant  mass  and  constant  stiffness  panels  tested,  ranged  from  0.0002  to 
0,0004,  This  variance  of  leas  than  two  per  cent  was  considered  small 
enough  to  be  able  to  treat  all  panels  as  having  constant  damping  in 
the  analysis  of  the  acoustic  data. 

Correlation  of  Static  Stiffness  Data 

An  attempt  was  made  to  correlate  static  stiffness  measurements 
taken  for  each  panel  with  the  reaponse/excitation  levels  measured  in 
the  acoustic  testing.  No  meaningful  results  could  be  obtained,  how¬ 
ever,  due  primarily  to  an  inability  to  maintain  consistent  boundary 
conditions  from  one  static  test  to  the  next.  Although  each  panel  was 
clamped  at  the  boundaries,  the  apparatus  did  not  permit  monitoring  of 
the  clamping  force.  Thus,  it  was  not  possible  to  apply  the  same 
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boxindary  conditions  \dien  panels  vere  changed  in  the  apparatus.  For 
the  six  constant  mass  panels,  correlation  of  individual  stiffnesses 
between  panels  showed  no  definite  trends  which  could  be  analyzed,  al¬ 
though  overall  averages  indicated  an  increasing  stiffness  for  Panels 
B  through  F  (See  Table  II,  Sec.  III).  In  addition,  it  was  concluded 
that  the  mass  loading  effect  due  to  addition  of  lead  to  the  five  con¬ 
stant  stiffness  panels  only  increased  this  inherent  boundairy  error. 

For  these  five  panels,  it  was  felt  that  a  variation  in  stiffness  up 
to  25  per  cent  would  not  be  possible  since  the  lumped  mass  lead  was 
the  only  vartable  among  these  panels.  Because  of  the  unreliability  of 
the  measured  values,  the  data  were  used  only  as  a  general  indicator  of 
panel  stiffness,  and  Panels  G-K  were  assumed  to  have  a  constant  stiff¬ 
ness  for  purposes  of  analyzing  the  data  from  the  acoustic  tests. 

Determination  of  Tfess  and  Stiffness  Parameters 

In  order  to  develop  vibration  prediction  cur\'es  as  a  function  of 
mass  and  stiffness,  it  was  desirable  to  represent  the  mass  and  stiff¬ 
ness  parameters  in  common  engineering  terms,  easily  calculated  and 
recognizable  by  the  design  engineer.  The  most  convenient  parameter 
to  quantify  mass  was  chosen  to  be  total  panel  weight  per  unit  area, 

W/A.  The  stiffness  parameter,  however,  was  more  difficult  to  charac¬ 
terize.  Because  of  the  complexity^ involved  in  analytically  determining 
the  stiffness  of  a  multi-bay  panel  structure  in  terms  of  structural 
parameters,  a  representative  stiffness  parameter  was  deidved.  An 
equivalent  plate  stiffness  parameter,  D,  was  used  to  represent  the 
panel  stiffness  as  derived  and  explained  in  the  THEORY  section; 
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Table  III  lists  the  parameters,  W/A  and  D,  calculated  for  each  pcmel. 

Construction  of  Vibration  Prediction  Curves 

Having  once  determined  appropriate  mass  and  stiffness  parameters, 
plots  were  obtained  as  a  function  of  frequency  for  each  parameter 
versus  excitation/response  levels.  Figures  35-^3  contained  in  Appen¬ 
dix  C  show  plots  for  the  constant  stiffness  panels  A,  G,  H,  I,  J  and  K 

as  the  parsuneter  W/A  varies.  The  parameter,  L  -L  ,  represents  the 

a  p 

difference  of  the  response  and  excitation  levels  respectively  in  dB, 
where 

and 

and 


Plots  were  made  for  nine  accelerometer  locations  used  zo  record  re¬ 
sponse  levels  of  the  panels  (See  Fig.  l6,  Sec.  V).  For  each  acceler¬ 
ometer  location,  data  were  plotted  for  15  band  center  frequencies  from 
100  Hz  to  2500  Hz;  each  data  point  represents  an  average  of  the  par¬ 
ameter,  L  -Ij  ,  calculated  at  five  tested  sound  pressure  level  settings, 
a  p 


20  log 


10 


(t) 


(20) 


Lp  “  20  log^Q 


(t) 


L  is  the  acceleration  level  in  dB 
a 

Lp  is  the  sotind  pressure  level  in  dB 

g  is  the  root-mean-square  acceleration  in  "g"8 

g  is  the  reference  root-mean-square  acceleration, 
o 

equal  to  one  "g” 

P  is  the  root-mean- square  pressure  acting  on 
the  structure  in  psl 


(21) 


P^  is  the  reference  pressure,  equal  to  0.0002  microbar 
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Since  15  frequency  band  curves  were  needed  for  each  accelerometer 
location,  two  plots  were  used,  one  for  frequencies  from  100  Hz  to  500 
Hz,  and  one  for  frequencies  from  650  Hz  to  2500  Hz. 

Figures  44-52  contained  in  Appendix  D,  show  plots  made  for  the 
constant  mass  panels  A,  B,  C,  D,  E,  and  F  as  the  stiffness  parameter, 

D,  varies.  The  same  technique  described  for  plotting  the  constant 
stiffness  panels  was  applied  to  these  plots. 

In  addition  to  the  individual  plots  of  excitation/response  levels 
for  each  accelerometer  location  and  frequency  bend,  plots  of  overall 
excitation  «md  response  levels  were  constructed  for  the  frequency  range 
100  -  2500  Hz  (See  Pigs.  21  and  22).  'These  plots  were  used  to  indicate 
general  overall  trends  in  responae/excitation  levels  as  mass  and  stiff¬ 
ness  of  the  panels  were  varied. 


Application  of  the  Etnoirioal  Prediction  Model 

In  addition  to  the  vibration  prediction  curves,  it  was  desired 
that  it  be  possible  to  determine  response  levels  when  structural 
parameters  differ  from  those  presented  by  the  curves.  For  this  reason, 
an  empirical  relation  was  derived  and  applied  to  the  measured  data  (See 
THEORY  Section).  It  was  found  that  the  response  of  a  structure  to  a 
random  acoustic  excitation  could  be  determined  using 


“  C(f)  (a^4b^) 

nns 


^  r 


(w/A)- 


^/4  P(f) 

A 


(16) 


where  g  is  the  root-mean- square  acceleration  of  the  structure 

xms 

in'g*s'' 

a,b  are  the  overall  dimensions  of  the  panel  in  inches 
P(f)  is  the  mean- square  pressure  in  pal  per  Hz 
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□  flCCELEROHETER  1 
o  fiCCELEROMETER  2 
A  ACCELEROMETER  3 
+  ACCELEROMETER  4 
X  ACCELEROMETER  S 
♦  ACCELEROMETER  6 
^  ACCELEROMETER  7 
X  ACCELEROMETER  8 
Z  ACCELEROMETER  B 


W/A  CLB/FT'^D 


Pi/!*  21.  Mean  Overall  Reaponse  Level 
for  Variation  of  Maas 
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W  ,ta  th«  total  i>Annl  wair’ht  in  iHMmtiN 

A  ia  tha  toinl  panal  araai  in 

D  1«  tl\«  Qhnrnoter.itta«l  atm'nerttt  jiaj'anwtfM'  in 
povmda-inohaa 

C(f)  ia  n  fraquonoy-rtapeiulant  vartablo  detaminttU 
©mplrioallv  from  indamn'ort  data 

Uslnft  tha  meaaurad  oxoitation  and  ramuinoa  lavalai  tha  woinhta  and 
dimonslona,  and  the  oharaoteriaad  maaa  and  atJft'naaa  >'»ai'Amatera  of  tha 
panola,  Kq  (l6)  w«a  aolvud  for  the  t\»notion  C{t),  Yhia  fonotion  wa 
then  plotted  veraua  freqv»ency  for  each  of  the  nine  aoQelei'ometer  lo¬ 
cations  used  in  the  acon.Atio  iveHtinf  (See  Kifi,  id,  See.  V),  aa  ahown 

In  Piffure  2'^.  To  obtain  a  data  point  for  a  partlou’. ar  Ivsnd  center  fre¬ 
quency,  the  ratio  of  the  acceleration  and  proaouro  level  a  wore  first 
averaged  for  the  fivo  oound  nrcsauro  level  aetti«>sa,  Aecolcr-tlon 
proved  to  bo  quite  linear  with  aound  pleasure  level  so  that  thit* 
nvorapinr:  technique  rcRUltod  In  very  little  eri\>r.  ICq  (UO  wna  then 
solved  I'or  C(f)  for  each  aoo()leiY>i:iotcr  location  and  each  of  the  eleven 
ptinels.  The  final  value  was  then  obtained  by  averapinn  the  C(f)  funo- 
tiona  for  eneb  panel.  Aa  ahown  in  Pifn*ro  2A,  tiic  plot  of  the  dat4\ 
points  resulted  in  a  fairly  narrow  band,  and  conaidorablo  cn:uwiinK 
of  individual  curves  for  each  accoloiMmotor  was  oviaont  aa  1 requency 
varied.  For  this  reason,  a  mean  value  curve  was  fitted  to  the  data. 
Presenting  C(f)  in  this  manner  permits  a  range  of  galuos  to  be  used  in 
the  prediction  model  such  that  a  maximum  roRoonso  can  bo  predicted  for 
a  particular  frequency  hand.  Since  C(f)  represents  an  average  of  many 
data  points  for  all  elev'en  panels,  there  exists  an  inherent  oriv.r  in  the 
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K  mmci^OHEte^  s 
«  ICCflRI^QKTeK  « 
J^CaifcBOHSTW  t 
H  ^liei^OHETCf^  « 


Bf^ND  CENTER  fREQUCNCr  «  HI 


I'Mk*  KiNvquancJV  IK'iM^nclonl:  VAi.1a\?lt),  C(f), 

i'ov  ModoL 


- I..,., 


nMdil  MH  wiR  \irtu\4t  C(f)  tH  pi*9<U9t<  iNmni^nHwii  fur  i)>A  Mm 

dh\l^  vrtUtth  4<  wii{«  itviiDmvnoU,  ||i»w«v»r,  it  ii  i,»  r«nvilrml  timt 
.miy  «  iM  t*»  i>rt»Ht''t  U»t»  r«rti)un««  of  (^ 

iitin>eiur»'  v,’VUm»ti  r«wrrt  t-u  iQ^A^ien,  ihn  ua*  of  Q{t)  in  pro- 

fUoiion  ahiUkUt  pix)vi<(9  auffiuiant  aQa\n'Aay% 

nifte\>ffa\on  ^  jy>e  Pipedl^tton  Hurvaa.  The  vibration  predlotion 
eui'vaa  ««  ah^wn  in  Appamlioaa  n  «nd  P  ahuw  tth«  effeota  of  maaa  and 
attffnaaa  un  the  roapunae  i aval a  of  the  teateU  panel  atruoturea,  The 
ovirvea  ahow  oonaidei'ahlu  froqueney  Oependence  nf  rea\xinae  level  a  aa 
mnaa  and  atit'fneaa  are  varied.  For  inatanoe,  it  la  apparent  that  a 
froqqenoy  ahift  in  \v»nel  iiKuioa  ooonra  aa  maaa  and  stiffneaa  ohanfie, 
and  that  there  axiata  a  learUrd  daqroe  of  o>\>aa-ovor  of  the  froqnenoy 
okki’voH,  Tj\  t;aikeral|  the  ourvea  show  that  the  renixniaa  daoroaaea  aa 
laaau  inoi'eaaaa.  Aa  atiffnoaa  vaj'ioa,  however,  no  dafini  to  tronda  can 
be  reooRniaod.  The  plots  of  ovoi'all  reaiv^nae-exoitation  levels  aa 
ahuv'fn  in  bH/iurea  yi  and  22  further  1 1  lustra  too  those  oiuna  nenersl 
results. 

niaouMiijon  of  t)^o  Minn ri raj  brodiot ion  Model ,  To  pi'ediot  .ro~ 
sponse  levala  of  entire  p^knol  ntnkoturoa,  the  prediction  rolation  aa 
dei'lved  in  1**1  (l6)  oan  be  used,  knowing  the  oliaraoterissed  maaa  and 
stiffness  parameters  of  the  atruotui'c,  tho  excitations,  and  the 
quantity  0(f).  Tn  order  to  vuie  these  results,  however,  certain  obaer- 
votiona  nhould  be  made  conoorning  the  aaavunptiona  and  limi.tationo 
placed  on  the  mathematical  model.  First,  to  derive  tho  prediction  re¬ 
lation,  ivinel  rosponso  was  ai.ini'oxi mated  by  applying  certain  assumptions 

t'b 
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to  tho  known  roeponao  of  a  ainnU  mnaa  axoited  by  a  random  foro*. 

Wblla  thoaa  aaaumptiono  oonoemin;!;  th«  Indopondonoe  of  panel  modal 
roaponaea  and  the  linearity  of  oxoitationa  and  reaponHoo  havo  been 
•hown  to  ba  quite  rapraaentuitlva  of  aotual  oonditiona  at  higher  fre¬ 
quency  rogimea,  it  ahould  be  recognlaed  that  no  conclusion  can  be 
dt'awn  about  the  motion  of  the  panel.  Only  resonant  conditions  are 
oonaiderod,  and  to  determine  vibration  oharaoteri sties  other  than 
acceleration  levels,  it  would  be  noceaaary  to  know  the  uncoupled 
peno^^nliaod  motion  of  evnoh  panel  mode. 

Assumptions  wore  also  made  oonoemin/j  the  frequency  dependence 
of  certain  struotural  parainotors.  The  relation  expressed  by  Eq  (8) 
ropreoents  tho  reaponao  of  a  panel  mode  as  a  function  of  the  frequency, 
modal  weight  and  area.  Eq  (lO)  waa  used  to  approximate  the  frequency 
of  a  mode  aa  a  funotion  of  tho  wave  number,  or  effective  half-wave 
lenfrth,  and  the  ivxnol  dimensions.  In  order  to  remove  the  frequency 
dependence  of  these  parameters  from  tho  relation,  a  frequency  depen¬ 
dent  variable  C(f)  \«n!io  defined,  vdiioh  was  then  det9rmi.ned  from  empir¬ 
ical  data.  These  assumptions  may  place  some  limitations  on  the  useful¬ 
ness  of  tho  results  obtained  in  this  study.  For  geometrically  similar 
panels,  the  mode  shapes  and  natural  frequencies  are  proportional  to 
some  anpocL  ratio  of  tho  panels,  and  it  wou''d  be  expected  that  the 
derived  model  and  prediction  curves  are  quite  tidequato.  VThen  panel 
structux'ea  differ  siraiificantly  in  configuration  and  construction  from 
those  tested,  accurate  predictions  would  be  somewhat  questionable  un¬ 
til  fvirthor  testing  is  done  on  a  broad  class  of  panel  structures. 

Lastly,  certain  simplifications  were  made  in  order  to  quantify 
stiffness  of  the  panels,  Tn  I’cality  it  must  be  I’ecogniKed  that  panel 
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etiffneas  la  a  function  of  many  parameters,  including  frequency  of  vi¬ 
bration  and  modal  mass.  The  use  of  an  equivalent  plate  model  to  deter¬ 
mine  the  stiffness  parameter  D  should  not  be  construed  as  anything  more 
than  a  method  for  accounting  for  the  significant  structural  parameters 
which  contribute  to  stiffness,  and  not  representative  of  actual  panel 
stiffness.  The  method  does  offer  a  degree  of  validity,  however,  when 
one  considers  that  it  does  account  for  configurational  and  structural 
differences,  which  for  panels  of  similar  construction,  can  be  assumed 
to  have  properties  proportional  to  actual  stiffnesses.  Again,  only 
further  testing  will  determine  the  degree  to  which  this  method  of  char¬ 
acterizing  stiffness  is  valid  for  a  broad  class  of  structures. 

An  additional  observation  may  be  warranted  concerning  the  use  of 
the  empirical  model  and  the  prediction  curves.  It  was  determined  from 
the  panel  tests  that  damping  remained  constant.  For  this  reason,  the 
damping  term  in  the  prediction  equation  was  included  as  part  of  the 
variable  C(f).  Thus,  allowance  for  variations  in  damping  were  not  ex¬ 
plicitly  included  in  the  results.  For  panels  which  differ  markedly 
from  those  tested,  some  error  would  be  expected  in  using  the  model.  It 
would  therefore  be  necessary  to  adjust  the  prediction  curves  by  some 
appropriate  factor  based  on  the  ratio  of  tested  and  desired  panel  damp¬ 
ing  factors.  Of  course,  since  C(f)  is  a  function  of  damping,  it  also 
would  require  a  method  of  adjustment. 
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VII.  Conclusions  and  Recommendations 


Conclusions 

Analysis  of  data  and  a  sunmary  of  the  results  were  presented  in 
the  previous  section.  Based  on  these  results,  the  follovang  conclu¬ 
sions  were  made: 

1.  Since  present  prediction  methods  do  not  account  for  the  effects 
of  local  structural  parameters,  the  techniques  and  results  presented  in 
this  study  should  provide  a  valuable  tool  in  improving  existing  vibra¬ 
tion  prediction  methods. 

2.  When  using  these  techniques  to  predict  responses  of  panel 
structures  which  differ  significantly  in  configuration  from  those 
tested,  certain  limitations  eurid  asstimptions  should  be  recognized  until 
further  testing  is  accomplished  to  determine  their  validity  for  a 
broad  class  of  structures. 

J).  The  method  used  to  characterize  mass  and  stiffness  of  the 
panels  accovunts  for  the  significant  structural  parameters  of  the  panels, 
however,  further  study  may  show  that  more  suitable  methods  are  appro¬ 
priate. 

4.  Because  of  the  asstmiptions  made,  the  results  can  be  expected 
to  give  more  accurate  predictions  at  higher  frenueneies,  far  above  the 
fundamental  modes  of  the  panels. 

5.  Overall  response  levels  indicate  that,  in  general,  response 
decreases  as  mass  increases.  However,  no  observable  trends  in  response 
levels  for  variations  in  stiffness  could  be  identified. 
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Reconmendatlons 

At  the  present  state  of  the  art,  the  effect  of  local  structural 
pareuneters  on  the  vibration  response  of  multi-bay  panel  systems  sub¬ 
jected  to  random  excitation  is  extremely  difficult  to  predict  vd.th 
accuracy.  It  is  recommended  that  further  testing  be  conducted  to 
verify  the  techniques  and  results  presented  in  this  study,  especially 
for  structures  differing  from  those  tested. 

In  addition,  further  analysis  of  the  empirical  prediction  model 
derived  in  this  study  is  recommended  to  determine  if  the  single-mass- 
oscillator  model  representation  and  the  method  of  quantifying  mass  euid 
stiffness,  are  adequate  to  predict  panel  responses  vd.th  accuracy.  It 
may  be  that  a  more  complicated  model  is  required,  or  that  methods  more 
suitable  for  quantifying  mass  and  stiffness  can  be  found. 

Finally,  an  analytical  investigation  should  be  conducted  to  com¬ 
pare  with  the  results  obtained  through  empirical  analysis.  The  use  of 
energy  methods,  the  solution  of  the  differential  equations  of  motion, 
or  a  finite  element  approach  coiild  be  used  to  study  the  effects  of 
local  structural  parameters  under  random  excitation. 
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Appendix  A 


Derivation  of  Anr^le  Section  Moment  of  Inertia 
and  Area  Equations 


The  stiffness  of  a  structural  element  can  be  shovm  to  be  a  func¬ 
tion  of  the  moment  of  inertia  of  the  element.  An  increase  in  the 
moment  of  inertia  in  the  desired  direction  vd.ll  correspondingly  in¬ 
crease  the  stiffness  in  that  direction,  provided  all  other  par6uneters 
remain  unchanged. 

The  area  moment  of  inertia  of  an  angle  section  can  be  shown  to 


be 


XX 


-  3 


where 


yP  +  Lgy^  -  (Lg-d)  (y 


2  2  2 
+  Lg  -  d^- 


y-ci)^] 


2(L^+L2-d) 


(22) 


(25) 


and  and  are  the  lengths  of  the  section  legs,  d  is  the  thickness 
and  y  is  the  location  of  the  centroidal  axis  referenced  to  the  datum 
plane  (See  Pig.  24).  Substituting  Eq  (25)  into  Eq  (22)  and  grouping 
terms 


XX 


24(T,  4 


- T  rd(L^  +  2L,L„-2L.d-L^d+d^)  +  L.,(L^-f^t-d^)' 

-  (L2-d)(L^-L2d-2L^d  +  d^)'  j 


(24) 


Eq  (24)  represents  the  oment  of  inertia  of  the  angle  section  vd.th  re¬ 
spect  to  the  datum  plane  in  terms  of  L.,  ,  L„  and  d. 

If  it  is  desired  to  change  the  moment  of  inertia  of  the  section, 
and  thus  stiffness,  and  keep  weight  per  unit  area  constant,  the  area  of 
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* 


Fig.  24.  Angle  Stiffener  Configuration 


the  section  must  remain  constant,  providing  material  properties  do 
not  change.  Thus,  the  area  of  the  angle  section  can  be  ct.  -^ulated  to  be 

A  =  d  (L^+L^-d)  (25) 

Here  again,  Eq  (25)  is  represented  by  the  angle  lengths  and  the  thick¬ 
ness,  L^,  Lp  and  d  respectively. 

Using  Eq  (25)  it  is  possible  to  select  values  for  any  two  param¬ 
eters  and  compute  the  third  to  maintain  constant  area,  and  thus  weight. 
These  values  can  then  be  used  in  Eq  (24)  to  determine  the  moment  of 
inertia  of  the  section.  Values  of  the  parameters  can  then  be  adjusted 
until  the  desired  moment  of  inertia  is  achieved. 


'v 
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Appendix  B 

Excitation  and  Response  Levels 
from  the  Random  Vibration  Tests 

The  follovdng  graphs  are  plo\ >  of  the  sound  pressure  level  (SPL) 
and  acceleration  vibration  data  for  nine  accelerometers  in  acoustic 
tests  performed  on  Panel  A.  Similar  plots  for  the  remaining  ten  panels 
were  obtained.  All  data  were  digitized  and  stored  on  magnetic  tape  for 
future  use.  Soun^  r-3saure  levels  are  given  in  dB  and  acceleration  is 
given  in  g-rms.  Actual  overall  SPL  values  are  given  in  the  extreme 
right-hand  column  of  each  plot.  The  following  information  is  contained 
in  the  key  for  each  plot: 

a.  Panel  -  identification  of  the  panel 

b.  Location  (Loc.)  -  location  of  the  panel  in  the  test 
fixture  (See  Pig.  15,  Sec.  V) 

c.  Transducer  (PUTD)  -  identification  of  microphone  of 
accelerometer  position  (See  Fig.  l6,  Sec.  V) 

d.  Record  (Roc.)  -  identification  of  each  t\K>  minute  tost 
run;  each  run  corresponding  to  an  overall  input  SPL  of 
approximately 

(1)  ih^  dB 

(2)  li»6  dB 

(3)  1^9  dB 

(4)  152  dB 

(5)  155  dB 
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Appendix  £ 

Ernpirical  Prediction  Curves; 

Response  Versus  Variation  in  Mass 

The  following  plots  represent  the  excitation/response  levels 

measured  for  the  six  constant  stiffness  panels  as  the  mass  was  varied. 

The  parameter,  L  -L  ,  represents  the  difference  in  acceleration  and 
a  p 

sound  pressure  values,  expressed  in  dB.  W/A  represents  the  total 
weight  per  unit  area  of  the  panels.  Two  plots  are  used  for  each  of 
nine  accelerometer  locations;  one  for  band  center  frequencies  from 
100-500  Hz,  and  one  for  frequencies  from  620-2500  Hz.  The  key  for  each 
plot  contains  the  symbol  identification  for  each  frequency  curve,  the 
band  center  frequency,  and  the  accelerometer  location  as  referenced 
to  Pig.  l6.  Section  V.  The  plots  contained  for  accelerometer  number  5 
contain  three  data  points  for  each  frequency  curve  for  which  no  data 
existed.  These  points  were  arbitrarily  set  to  some  value  for  purposes 
of  plotting. 
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Fifi.  ?5*  Prediction  Curve,  Accelerometer  1,  Variation  in  Mass 
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Fig.  56.  Prediction  Curve,  Accelerometer  2,  Variation  in  Mass 
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.  Prediction  Curve,  Accelerometer  3*  Vai*iation  in  Mass 
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PiK.  38*  Prediction  Curves  Accelerometer  4,  Variation  in  Mass 
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Prediction  Curve,  Accelerometer  5^  Variation  in  Mass 
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Appendix  D 

F!mnl rloftl  Predlfttion  Curves: 
Response  Verauo  Verlation  in  Stiffness 


i 


The  following  plots  represent  the  exoitation/response  levels 

measured  for  the  six  constant  mass  panels  as  the  stiffness  was  varied. 

The  parameter,  L  -L  ,  represents  the  difference  in  acceleration  and 
a  p 

and  sound  pressure  values,  expx'essod  in  dB.  D  represents  the  charac¬ 
terized  stii'^ess  parameter  of  the  panels.  Two  plots  are  used  for 
each  of  nine  accelerometer  locations:  one  for  band  center  frequencies 
from  100-500  Hz,  and  one  for  frequencies  from  620-2‘iOO  Hz.  The  key  for 
each  plot  contains  the  symbol  identification  for  each  frequency  curve, 
the  band  center  frequency,  and  the  accelerometer  location  as  refer¬ 
enced  in  Pig.  l6.  Section  V. 
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Prediction  Curve,  Accelerometer  1,  Variation  in  Stiffness 


Prediction  Cxirve,  Accelerometer  Variation  in  Stiffness 
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Prediction  Ciirve,  Accelerometer  %  Variation  in  Stiffness 
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Pig.  49.  Prediction  Ciirve,  Accelerometer  6,  Variation  in  Stiffness 


Prediction  Oirve,  Accelerometer  7f  Variation  in  Stiffness 
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